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Abstract. Stellar shells are low surface brightness features in the form of open, concentric arcs,
formed in close-to-radial collisions of galaxies. They occur in at least 10 % of early-type galaxies
and a small portion of spirals and their unique kinematics carry valuable information about
the host galaxies. We discuss a method using measurements of the number and distribution
of shells to estimate the mass distribution of the galaxies and the time since the merger. The
method is applied on the shells of NGC 4993 – a galaxy hosting the electromagnetic counterpart
of the gravitational wave event GW170817, to estimate the probable time since the galactic
merger. We used analytical calculations and particle simulations to show that, in special cases,
when kinematic data are available, further constraints on mass distribution and merger time
can be derived. Applying the methods to the rapidly growing sample of known shell galaxies
will constrain the dark-matter content in the galaxies and reveal detailed information on the
recent merger history of the Universe.
Keywords. galaxies: peculiar, galaxies: elliptical and lenticular, cD, galaxies: kinematics and
dynamics, galaxies: interactions, galaxies: evolution, galaxies: individual (NGC 4993, NGC 3923)
1. Shells galaxies
Shells galaxies account for roughly 10 % of all early-type galaxies and they are even
more frequent in low density environments and among massive galaxies (e.g., Malin &
Carter 1983; Tal et al. 2009; Atkinson et al. 2013). One galaxy can host from one to
several tens of shells on galactocentric radii from ∼1 kpc to over 100 kpc. There are three
types of shell galaxies (Prieur 1990; Wilkinson et al. 1987): Type I – regular shells, in-
terleaved in radius and confined in biconic shape; Type II – arcs randomly distributed
all around the galaxy; Type III – irregular. The shells are made of stars from a galaxy
accreted on a close-to-radial trajectory (Quinn 1984). Traditionally, shells were regarded
as minor-merger remnants, but cosmological simulations show that intermediate-mass or
even major mergers are likely to produce shells as well (Pop et al. 2018). Their unique
kinematics, especially for Type I shell galaxies (e.g. NGC 3923, Fig. 1), enables measure-
ments of the gravitational potential of the host galaxy and the time since the merger.
2. Using shell kinematics
Measuring the gravitational potential of the galaxy using line-of-sight velocity distri-
bution (LOSVD) of shell stars was first proposed by Merrifield & Kuijken (1998) and
elaborated in Ebrova´ et al. (2012). LOSVD of shell stars shows four distinct maxima,
Fig. 2, although, in case of shells with narrow opening angles, only two maxima can be
present. The value of the circular velocity, vc, in the host galaxy at the shell edge radius
is connected to the distance, 4vlos, between the peaks of LOSVD, the shell edge radius,
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Figure 1. CFHT/MegaCam image of NGC 3923 with the model of the host galaxy light
subtracted, for more details see B´ılek et al. (2016).
rs, and the projected radius of the measurements, R, via analytic equation (Ebrova´ et al.
2012):
vc =
|4vlos|
2
√
(1−R/rs)
[
1− 4 (R/rs)2 (1 + R/rs)−2
] , (2.1)
or alternatively, using the slope of LOSVD maxima with radius:
d4vlos
dR
= −2vc
rs
. (2.2)
Measuring the kinematics in nearby shell galaxies is still at the frontier of abilities of state-
of-the-art telescopes, however attempts have already been done using globular clusters
(Romanowsky et al. 2012) or planetary nebulas (Longobardi et al. 2015) in M87 or red
giant branch stars in M31 (Fardal et al. 2012).
3. Using shell positions
Shells can be utilize even in the case when only photometric data is available. The
distribution of shell radii can be used to constrain the gravitational potential of the host
galaxy and the time since the merger (Quinn 1984; Dupraz & Combes 1986; Hernquist
& Quinn 1987a,b). In B´ılek et al. (2013, 2014), we developed a method testing the
consistency of a given gravitational potential with the observed shell radii: the time
evolution of shell radii in the tested potential is calculated using analytic expressions; if
the potential is correct, then the observed shell radii are reproduced by the model at a
certain time. In B´ılek et al. (2013), we verified the consistency of the galaxy NGC 3923
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Figure 2. Schema of the genesis of the line-of-sight velocity distribution of shell stars, for
more details see Ebrova´ et al. (2012).
with MOdified Newtonian Dynamics (MOND), in B´ılek et al. (2014) we used the method
to predict a new shell in the galaxy and in B´ılek et al. (2016) we attempted to observe
it.
4. NGC 4993: the host of GW170817
NGC 4993 is the shell galaxy host of the binary neutron star coalescence – the source
of the gravitational-wave event GW170817 (Abbott et al. 2017). The galaxy shows signs
that it recently accreted a smaller late-type galaxy and the accreted galaxy is a possible
original host of the binary neutron star. In Ebrova´ et al. (2019), we measured the shell
distribution using HST/ACS archival data and compares them to theoretical evolution
of shell radii in the gravitational potential corresponding to the stellar light and an an
adequate dark matter halo. NGC 4993, as a Type II shell galaxy, does not reproduce the
exact positions of the shell radii, Fig. 3, but from the outermost observed shell and overall
shell number we infer the probable merger time around 400 Myr. This brings information
about the possible age and the birth environment of the binary neutron star.
5. Conclusions
Gravitational potential, especially in early-type galaxies, is hard and yet so important
to measure, and independent methods to do so are very desirable. We showed that both
photometric and spectroscopic measurements of shell galaxies can be used to estimate
the mass distribution of the host galaxy and/or the time since the merger, which is
particularly difficult to obtain by other means. Applying the methods to the rapidly
growing sample of known shell galaxies will constrain the dark-matter content in the
galaxies and reveal detailed information on the recent merger history of the Universe.
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Figure 3. Modeled evolution of shell radii in the assumed gravitational potential of NGC 4993
(black curves) compared to the observed shell radii (red/blue lines represent the shells
north/south of the galactic centre). Shaded regions correspond to the uncertainties. For more
details see Ebrova´ et al. (2019).
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